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Lzf1 and Lzf2 are leech zinc ®nger (Lzf) genes that are shown to be orthologues to the Drosophila gap gene hunchback
(hb). Neither in situ hybridization nor RT±PCR detected Lzf1 transcripts in leech embryos or adults. Lzf2 expression was
examined in leech embryos at various stages by in situ hybridization. Lzf2 is expressed continually throughout the early
embryonic cleavage divisions, including the period during which the embryo forms stem cells that will give rise to the
segmented tissues of the adult. At the time of segmental pattern formation, Lzf2 RNA is expressed uniformly along the
length of the segmented trunk in both the ectodermal and mesodermal tissues. This is in contrast to the anteriorly restricted
gradient of hb RNA shown to be critical to the normal anteroposterior (AP) patterning of the insect embryo. Thus, this
leech orthologue of hb does not appear to play a comparable role in the patterning of the AP axis. In addition, Lzf2 is
expressed during organogenesis in segmentally restricted patterns in the central nervous system, the gut, and epidermally
derived structures. Lzf2 is the ®rst hb orthologue to be characterized in detail outside of insects and its expression pattern
suggests that hb may have acquired a gap gene function in arthropods or insects after their phyletic separation from the
annelids. q 1996 Academic Press, Inc.
INTRODUCTION termine the cellular distribution of Lzf2 RNA during em-
bryogenesis. Lzf2 is the ®rst clear-cut orthologue of a Dro-
sophila ``gap gene'' to be characterized in any detail outsideVertebrates, arthropods, and annelids exhibit segmented
of the insects.body plans which are generated by distinctly varied morpho-
In Drosophila, there are three classes of zygotically activegenetic mechanisms. These profound differences in mor-
``segmentation genes'' (gap, pair-rule, and segment polarity)phogenesis bring into question the interphyletic conserva-
which act in a hierarchical cascade to generate the meta-tion of genetic controls that generate the metameric units
meric pattern of the embryo (Scott and Carroll, 1987; St.of a segmented body plan. The genetic basis of segmentation
Johnston and NuÈ sslein-Volhard, 1992). In parallel, the seg-has been extensively characterized in Drosophila (Ingham,
mentation genes activate a fourth class of genes called the1988; St. Johnston and NuÈ sslein-Volhard, 1992), but much
homeotic (HOM) genes, which do not generate periodicityless is known about the molecular events that establish
but rather determine the identity of each segment de-segmental periodicity in other organisms. One fruitful ap-
pending upon its position along the AP axis (Akam, 1987).proach has been the isolation and characterization of or-
The function of the HOM genes in AP patterning seems tothologues of the Drosophila segmentation genes in other
be conserved throughout the higher animals (McGinnis andspecies, which has shown that the various segmented phyla
Krumlauf, 1992; Kenyon, 1994), but the conservation of theutilize some but not all of the same genetic pathways (Patel,
segmentation gene pathway outside of insects is still largely1994a; Graham et al., 1989). In this paper, we describe the
unresolved.isolation from the leech Helobdella of a hunchback (hb)
Comparative molecular data obtained from insects andorthologue named Lzf2 and use in situ hybridization to de-
crustaceans has revealed that the overall pattern of expres-
sion of certain segment polarity genes is conserved through-
out the arthropod phylum (Averof and Akam, 1993; Patel,1 To whom correspondence should be addressed. Fax: (617) 734-
7557; E-mail: rsavage@warren.med.harvard.edu. 1994a), and the seemingly homologous expression of en-
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grailed during leech segmentation (Wedeen and Weisblat, vous system (CNS) in nearly every neuroblast and its prog-
eny (JimeÂnez and Campos-Ortega, 1990; Cabrera and1991) suggests that some aspects of the Drosophila segmen-
tation pathway are functionally conserved in annelids as Alonso, 1991). Hence, the anteriorly restricted pattern of
hb protein expression observed at the blastoderm stage iswell. In contrast, other components of the Drosophila seg-
mention pathway are not even shared across insect orders. replaced by a segmentally unrestricted pattern of expression
in the neuroblasts of the germ band.Evidence to date indicates that orthologues of the pair-rule
genes are playing a distinct role in the development of non- In this report, we identify and examine the spatiotempo-
ral expression of the Lzf2 gene in the leech Helobdella. Wedipteran insects (Dawes et al., 1994; Brown et al., 1994;
Patel, 1992), suggesting in turn that the pair-rule patterning show that Lzf2 RNA is expressed maternally and zygotically
and is found throughout the segmental tissue precursorssystem is a recent evolutionary innovation generated during
the diversi®cation of the insects (Scott and Carroll, 1987; of early cleavage stage embryos. In addition, Lzf2 RNA is
expressed uniformly along the entire AP axis of the leechTear et al., 1988; Patel, 1994b).
The ®rst zygotic tier of Drosophila segmentation genesÐ germinal band at the time segments are being established.
These ®ndings suggest that, at least in terms of RNA accu-the gap genesÐare essentially uncharacterized outside of
the insects. Among the insects, the expression domains of mulation, the early events in the segmentation of the leech
embryo do not depend upon differential expression of Lzf2KruÈ ppel (Kr) and hb orthologues have been described in a
beetle (Sommer and Tautz, 1993; Wolff et al., 1995) and a along the AP axis. Thus, it would appear that the role of
the hb gene has signi®cantly diverged in arthropods andmoth (Kraft and JaÈckle, 1994), and a hb orthologue has also
been described in a grasshopper (N. Patel, personal commu- annelids, consistent with the idea that hb was coopted into
the segmentation pathway in the insect or arthropod branchnication). These domains are essentially identical to those
found in Drosophila, consistent with a potential conserva- of the lineage.
tion of gap gene function across the insects. However, it is
important to note that the molecular function of the gap
gene hb in Drosophila is critically dependent on the syncy- MATERIALS AND METHODS
tial nature of the early dipteran embryo (St. Johnston and
NuÈ sslein-Volhard, 1992), whereas the gap gene expression Leech Embryos
patterns seen in other insects arise and presumably function
within a cellular environment (Sommer and Tautz, 1993; Embryos were obtained from a laboratory breeding colony of H.
Wolff et al., 1995). Putative orthologues of the gap gene triserialis and maintained at room temperature in 1% arti®cial
hb gave been found by PCR in both Crustacea and other, seawater and fed physid snails (Weisblat et al., 1980). Embryos were
nonarthropod phyla (Sommer et al., 1992), but their expres- reared in buffered saline medium (Torrence and Stuart, 1986) and
staged according to Stent et al. (1982).sion during development has not been reported. The molec-
ular characterization of gap gene orthologues in annelids
could shed light on the functional conservation of these
Polymerase Chain Reactiongenes across the annelid/arthropod lineage and hence indi-
cate whether or not the gap genes might be part of a primi- Lzf1 and Lzf2 were isolated by PCR ampli®cation. Ampli®ca-
tive axial patterning mechanism that was present in the tions were carried out with Taq polymerase (Boehringer-Manne-
last common ancestor of these two phyla. heim) on 1 mg of H. triserialis genomic DNA using the following
conditions: 5 min at 957C; 35 cycles of 1 min at 957C, 30 sec atWith this objective in mind, we have isolated two or-
507C, and 30 sec at 727C. Degenerate oligonucleotide primers corre-thologues of the Drosophila gap gene hunchback in the
sponded to the highly conserved regions of the upstream hb zincleech Helobdella triserialis. In Drosophila, hb encodes a
®nger domain between the second and fourth ®ngers (nt 5524±zinc ®nger transcription factor (Tautz et al., 1987) which
5700, Tautz et al., 1987). The proximal primer [5*-AAACA(C,T)-functions as a morphogen, acting in synergy with the gene
CA(C,T)(C,T)T(A,T,C,G)GA(A,G)TA(T,C)CA-3*, nt 1123±1143,
product of bicoid to generate the proper AP patterning of Fig. 2A.] and distal primer [5*-ATATG(A,G)CA(A,G)TA(C,T)TT-
the ¯y embryo (HuÈ lskamp et al., 1990, Struhl et al., 1992, (A,T,C,G)GT(A,T,C,G)GC-3*, reverse complement, nt 1300±1280,
Simpson-Brose et al., 1994). The hb protein expression be- Fig. 2A] are expected to yield an ampli®ed product of 177 bp. Prod-
comes restricted to the anterior half of the ¯y blastoderm, ucts of ampli®cation were cloned into Bluescript (KS/) (Stratagene),
in part as a result of localized transcriptional activation by and recombinant clones were isolated by blue/white selection. Pos-
itive clones were subjected to plasmid puri®cation and dideoxythe bicoid protein (Driever et al., 1989) and also in part by
sequencing (Sequenase kit; U.S.B.), leading to the isolation of twotranslational repression in the posterior region through the
distinct ampli®ed sequences, Lzf1 and Lzf2.action of the nanos and pumilio gene products (Murata and
Wharton, 1995). The differential expression of hb protein
along the AP axis controls expression domains of other gap
Library Screeninggenes, such as Kr, which are directly involved in establish-
ing the thoracic and abdominal pattern of the embryo We used the ampli®ed Lzf1 and Lzf2 sequences to independently
screen 2 1 105 recombinant clones of an H. triserialis genomic li-(Struhl et al., 1992). hb is also expressed in the central ner-
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brary (Wedeen et al., 1989) under the following conditions: hybridiza- ci®cally (see Materials and Methods). The ampli®ed product
tionÐ657C, [Na/]  0.75 M; washÐ657C, [Na/]  0.3 M. Positive was expected to correspond to a conserved region of the N-
clones were plaque puri®ed, and DNA isolated by the Wizard terminal C2H2 zinc ®nger domain of hb between the second
Lambda Preps DNA Puri®cation System (Promega) with one addi- and fourth ®ngers. Fragments of the expected length were
tional step. Following elution from the column, the l DNA was cloned into Bluescript and sequenced, revealing two distinct
treated with 4 mg/ml RNase A (Sigma) for 25 min at 377C. l DNA
leech zinc ®nger fragments, named Lzf1 and Lzf2. The con-was then precipitated in isopropanol and resuspended in Tris-EDTA
ceptual translation of the Lzf1 and Lzf2 fragments revealedbuffer (pH 8). The puri®ed DNA was digested with a panel of restric-
51 and 69% amino acid identity, respectively, with the cor-tion enzymes, separated by agarose gel electrophoresis, transferred
responding ®nger region in the Drosophila hb gene.to nylon (Amersham), and hybridized with either Lzf1 or Lzf2 probe
as described above. A hybridizing 3-kb HindIII/EcoRI fragment of the The ampli®ed Lzf1 and Lzf2 fragments were used as tem-
Lzf1 gene was cloned into Bluescript (KS/) and partially sequenced. plates for probe generation to independently screen an H.
Similarly a 2.8-kb HindIII fragment of the Lzf2 gene was cloned and triserialis genomic DNA library. The screen led to the isola-
fully sequenced. Both strands of the Lzf2 clone were sequenced either tion and partial sequencing of a 3-kb HindIII/EcoRI restric-
by dideoxy sequencing (Sequenase, U.S.B.) or by the Harvard Medical tion fragment containing the zinc ®nger sequence of Lzf1.
School Howard Hughes Biopolymer Facility. A 2.8-kb HindIII restriction fragment which contained the
zinc ®nger sequence of Lzf2 was also isolated and fully se-
quenced (Figs. 1A and 1B). The Lzf1 and Lzf2 genomic se-Detection of Lzf2 Transcripts by PCR
quences have been deposited in the EMBL Library database
One hundred embryos were collected from each of several se- under Accession Nos. X91396 and X91395, respectively.
lected developmental stages. Oocytes were manually dissected
from gravid leeches. Ten adult nerve cords were used as the source
of adult RNA. Total RNA was isolated from each stage using the Sequence Comparisons
RNazole reagent (Iso-Tex Diagnostics), and ®rst-strand cDNA was
The Lzf2 genomic fragment contains a 1404-bp open read-synthesized from 5 mg total RNA with the Reverse Transcription
ing frame (ORF) with ®ve CX2CX12HX3±5H zinc ®nger mo-System (Promega). The proximal primer [nt 1138±1156 (see Fig.
tifs organized into two separate regions, one consisting of2A)] and the distal primer (reverse complement, nt 1285±1268)
were expected to yield an ampli®ed product of 148 bp. Ampli®ca- three ®ngers at the N-terminus of the ORF and one con-
tions for each stage were carried out on 250 ng of H. triserialis sisting of two ®ngers at the C-terminus of the ORF (Figs.
cDNA, using the cycle parameters described above except the an- 1A and 1B). This arrangement of two separate clusters of
nealing temperature was set at 587C. Ampli®ed fragments were ®ngers is similar to hb, except that the N-terminal cluster
separated electrophoretically in a 2% agarose gel, transferred to of hb contains four ®ngers. A second more upstream ORF
nylon, and hybridized with Lzf2 probe. (nt 518±713) encodes a 65-amino-acid peptide which also
possesses a C2H2 zinc ®nger motif and may represent an-
other exon of the Lzf2 gene.In Situ Hybridization
Both Lzf1 and Lzf2 share signi®cant sequence similarity
The cellular distribution of Lzf2 message was examined at vari- to the conserved N-terminal zinc ®nger DNA binding do-
ous stages in development by nonradioactive whole-mount in situ main present in the transcription factor hb. Figure 2A pres-
hybridization, as described previously (see Nardelli-Hae¯iger and
ents a deduced amino acid comparison between hb and theShankland, 1992) with the following modi®cations. Embryos
Lzf2, Lzf1, Platynereis-hunchback (Pl-hb), and Kr zinc ®n-younger than stage 9 were devitellinated manually and were not
ger domains. The three ®ngers (outlined by brackets andsubjected to Pronase treatment. Hatched embryos (stage 9 and
labelled a, b, and g in Fig. 2A) encoded in the N-terminalolder) underwent a 30-min Pronase E (Sigma) digestion following
domain of the major Lzf2 ORF correspond most closely tothe initial ®xation. A digoxigenin-labeled probe complementary to
the Lzf2 coding region was obtained by in vitro transcription from ®ngers two through four in hb and share 81, 81, and 70%
the 2.8-kb genomic HindIII fragment using T7 RNA polymerase amino acid identity, respectively. The two ®ngers (labeled
and the mMessage mMachine kit (Ambion). Optimal staining with c and f) in the C-terminal domain of Lzf2 both share 43%
the antisense probe was obtained with alkaline phosphatase reac- amino acid identity with the corresponding ®ngers in hb.
tion periods ranging from 45 min to 6 hr. Intact embryos were The coding sequence between the two ®nger domains of hb
cleared in 80% glycerol or dehydrated through an ethanol series
and Lzf2 shares less identity (19%) than either ®nger do-and then cleared in benzyl benzoate:benzyl alcohol (2:1).
main, in keeping with previous comparative studies of hb
orthologues among the insects (Treier et al., 1989). The zinc
®nger motif encoded by the shorter upstream ORF shows noRESULTS
signi®cant similarity to any of the ®ve hb ®ngers (22%).
The Lzf1 genomic fragment also displays a region of pro-Isolation and Sequencing of Lzf Genes nounced similarity to the N-terminal hb zinc ®nger domain,
sharing 62% (a), 71% (b), and 40% (g) amino acid identityLzf1 and Lzf2 genes were isolated from H. triserialis geno-
mic DNA by PCR ampli®cation using degenerate oligonu- with the corresponding ®ngers in hb. The Lzf1 restriction
fragment does not include the C-terminal zinc ®nger domain.cleotide primers designed to amplify hb orthologues spe-
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FIG. 1. (A) Nucleotide and deduced amino acid sequence of the Lzf2 genomic fragment. Numbers at the right mark nucleotides and
predicted amino acid positions (italics). The major ORF (nt 1024±2428) contains two zinc ®nger domains, including a total of ®ve zinc
®nger motifs (underlined). A shorter ORF (nt 518±713) contains one zinc ®nger motif (underlined) and may also be a part of the Lzf2
coding region. The NRE-like nucleotide sequences (underlined and in italics) are located 20 nucleotides from the stop codon of the long
ORF (nt 2452±2505). A putative polyadenylation signal is also underlined (nt 2779±2784). (B) Schematic of the Lzf2 2.8-kb genomic
fragment. The 65-amino-acid upstream ORF encodes a single zinc ®nger and a 468-amino-acid downstream ORF encodes two ®nger
domains (fd1 and fd2). Stippled rectangular boxes represent individual zinc ®nger motifs. The percentages represent the amino acid identity
shared between the zinc ®nger motifs of Lzf2 and hb. H, HindIII.
The amino acid sequences of the N-terminal ®nger do- (Schoenherr and Anderson, 1995). Comparison of three
other insect hb gene products to Drosophila hb for the samemains of Lzf1 and Lzf2 were entered into the BLAST Net-
work Service (National Center of Biotechnology Informa- domain yielded scores of 266 (Hemiptera), 263 (Hymenop-
tera), and 241 (Coleoptera) (Sommer et al., 1992). Thus, Lzf1tion) and received high scores (263 and 304, respectively)
when compared to hb. The highest score for a zinc ®nger and Lzf2 are as similar to the hb family members as the
latter are among themselves and appear to be orthologuesprotein outside of the hb family was 171 for Lzf1 and 167
for Lzf2 compared to the neuron-restrictive silencer factor of the hb gene, i.e., homologous genes that arose from a
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FIG. 2. (A) Comparison of zinc ®nger domains for the predicted amino acid sequence of the Lzf2 and Lzf1 genes with the Drosophila
zinc ®nger genes hb and Kr. Kr is another C2H2 zinc ®nger protein; however, it is not a member of the hb class. Dashes re¯ect shared
amino acid residues. The brackets outline single zinc ®nger motifs labeled a, b, g, c, and f. Filled circles indicate residues involved in
forming the C2H2 structural motif of zinc ®ngers. The sequence of a PCR-generated hb homologue from the annelid Platynereis dumerilii
(Pl-hb) (Sommer et al., 1992) shares 84% amino acid identity with the corresponding ®nger domain in the Lzf2 gene. (B) Comparison of
nanos Response Elements (NRE) in the hb 3* UTR with the NRE-like sequence motifs found in Lzf2 and in the glp-1 gene of C. elegans.
single gene present in the last common ancestor of insects transcribed from stage-speci®c total RNA. Two primers
were designed to speci®cally amplify an Lzf2 fragment. Thisand leeches.
In ¯ies the 3* untranslated region (UTR) of the hb mRNA analysis revealed that Lzf2 transcripts are present at all se-
lected stages of embryogenesis, as well as in oocytes (datacontains a conserved sequence called the nanos Response
Element (NRE) which mediates the regionalized transla- not shown). RNA isolated from adult nerve cord also con-
tains Lzf2 transcripts. These ®ndings suggest that Lzf2 hastional inhibition of hb protein along the AP axis. The Lzf2
genomic fragment contains an NRE-like sequence situated both a maternal and zygotic component to its embryonic
expression and that expression is maintained in at least the20 bp downstream of the putative stop codon at the end of
its C-terminal zinc ®nger domain, a region which is likely nervous system of the adult.
to represent the 3*-UTR of the Lzf2 message. Figure 2B com-
pares the NRE in hb to the NRE-like sequence motifs found
in Lzf2 and the glp-1 gene from Caenorhabitis elegans (Ev- Lzf2 Expression during Early Cleavage Stages
ans et al., 1994). The signi®cant sequence similarity and
An overview of leech development is presented in Fig. 3the position of this motif within 50 nt of a stop codon
and will be referred to throughout the Results section. The(similar to hb) suggest that NRE-like sequences in Lzf2 may
temporal and spatial distribution Lzf2 mRNA was charac-likewise participate in the regulation of protein expression.
terized by in situ hybridization using digoxigenin-labeledBecause the Lzf1 gene shows little or no embryonic ex-
antisense RNA probes applied to ®xed and permeabilizedpression (see the end of Results), the following sections fo-
embryos. There was no staining observed in embryos of anycus exclusively on Lzf2.
stage processed with digoxigenin-labeled sense strand RNA
probes (not shown). Lzf2 RNA is an abundant message ex-
RT±PCR Analysis of Lzf2 pressed throughout the earliest cleavage stages and its pres-
ence in oocytes indicates that some of the embryonic Lzf2To determine whether the Lzf2 gene is expressed during
leech embryogenesis, PCR was performed on cDNA reverse RNA is maternal in origin (Fig. 4A). At 1 hr after egg deposi-
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In the leech, the segmented mesoderm and ectoderm arise
from a set of ®ve bilaterally paired stem cells called tel-
oblasts. Following its birth, each teloblast initiates a series
of unequal divisions to produce a column (or bandlet) of
primary blast cells which serve as segmental founder cells
for that particular cell lineage (Zackson, 1982; Shankland,
1987). The blast cells within each bandlet show a uniform
level of Lzf2 expression regardless of their AP position (Fig.
5A). In addition, Lzf2 RNA appears to be expressed equally
in all ®ve teloblast lineages.
During gastrulation the individual bandlets come to-
gether to form the right and left germinal bands, which in
turn fuse with one another along the ventral midline to
form the germinal plate (Fig. 3). The stereotyped prolifera-
tion of the blast cells in the germinal plate gives rise to the
segmental tissues of the adult. Lzf2 RNA is expressed
evenly along the entire AP axis of the germinal bands
throughout this time (Figs. 5B and 5C). Thus, throughout
the stages of segment formation (stages 7 to 8), there is no
detectable anteroposterior or mediolateral gradient of Lzf2
expression in the germinal bands or in the early germinal
plate.
Following the alignment of the teloblast lineages within
the germinal plate (Weisblat and Shankland, 1985), a seg-
mentally iterated pattern of organogenesis begins during the
latter part of stage 8. Repeated blocks of tissue each con-FIG. 3. Overview of leech embryogenesis. The ectodermal and
mesodermal tissues in the leech are derived from ®ve bilaterally taining a segmental ganglion at the ventral midline differen-
paired stem cells called teloblasts, designated M, N, O, P, and Q. tiate in an anterior-to-posterior progression. The end of
Each teloblast produces a column, or bandlet, of cells known as stage 8 and the onset of organogenesis also marks the next
blast cells. The ®rst blast cells born in each bandlet remain in phase of Lzf2 expression, which begins after the germinal
contact with one another throughout development, unlike the plate has completely fused. The early uniform expression
older blast cells which must align themselves with the other ban- of Lzf2 resolves at this time into a spatiotemporal gradient
dlets to form the germinal band (Weisblat et al., 1980; Weisblat and
of striped expression. The stripes are ®rst detected in theShankland, 1985). The left and right germinal bands fuse together at
most anterior region of the embryo and gradually progressthe ventral midline to form the germinal plate (anterior at top).
into the posterior portions of the germinal plate. In Fig. 6A
stripes of Lzf2 expression are clearly evident in the anterior
half of the embryo, but are not yet apparent more posteri-
orly. Segmental ganglia, which lack detectable Lzf2 expres-tion, after the ®rst polar body has formed, Lzf2 RNA is
localized to the perinuclear cytoplasm encompassing the sion at this time, occupy a midline position between the
more lateral stripes of Lzf2 expression, which are locatedfemale pronucleus just beneath the cortex of the animal
pole (Fig. 4B). Hoechst staining was used to con®rm location at the intersegmental boundaries. By stage 9 the most poste-
rior region, including the prospective rear sucker, expressesof the female pronucleus with respect to the Lzf2 staining
pattern. Within the next 3 hr before ®rst cleavage, there is the same striped pattern of Lzf2 expression that had been
observed exclusively in the anterior half of the late stage 8a dramatic increase in staining associated predominantly
with the specialized, yolk-de®cient cytoplasm called tel- embryo (Fig. 6B).
oplasm which aggregates at the animal and vegetal poles of
the egg during this time (Fig. 4C). During the subsequent
Lzf2 Expression during Prostomial Developmentcleavages (stages 4±6), Lzf2 RNA becomes equally distrib-
uted among all cells that inherit teloplasm, including both The cells of the micromere cap and their progeny give rise
to the unsegmented cephalic region called the prostomium,the teloblasts (the stem cells that generate segmental tissue
(Fig. 4D) and the micromeres. which includes the foregut and the supraesophageal gan-
glion. In addition, the micromeres give rise to a provisional
integument, a transient extraembryonic membrane which
Lzf2 Expression during Segmentation covers the entire embryo from stage 8 until it is replaced
by the adult body wall at stage 10.Lzf2 RNA shows a uniform expression along the AP axis
of the Helobdella embryo as the body segments are formed. Throughout the early cleavage stages (stages 4±6), the
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FIG. 4. Lzf2 RNA expression in oocytes and in early cleavage leech embryos revealed by in situ hybridization. (A) Lzf2 staining is
distributed throughout the cytoplasm of the oocyte. The oocyte remains attached to the egg string (see arrow); however, its orientation
is unknown. (B) Lzf2 RNA is localized to the perinuclear cytoplasm (arrowhead) of the female pronucleus 1 hr after egg deposition. (C)
By the end of the ®rst cell cycle, a dramatic increase in Lzf2 staining is observed in the animal (at) and vegetal (vt) teloplasm in the whole-
mount cleared embryo. (D) At stage 6, Lzf2 RNA is equally distributed to all teloblasts (see N teloblast and OPQ proteloblast) and the
cells of the micromere cap (mc). View of animal pole. Bars, 50 mm.
cells that occupy the micromere cap express Lzf2 intensely the rear sucker, are also fused with one another. Distinct
subsets of neurons in the rostral half of the nerve cord and(Fig. 4D). By stage 8, a subset of micromeres have differenti-
ated into the epithelial cells that form the outer layer of in the fused ganglia in the caudal sucker express Lzf2 with
varying intensities. Only the most heavily stained neuronsthe provisional integument. Most, if not all, of these cells
express Lzf2 (Figs. 5B and 5C) and continue to do so until will be described in the text and ®gures.
We found a single bilateral pair of neurons located in thethe de®nitive, segmented body wall undergoes dorsal clo-
sure. The prostomium continues to express Lzf2 intensely posterior and lateral region of the ganglion of four consecu-
tive midbody segments (M1±M4) that expresses Lzf2 in-and uniformly until stage 9 (Figs. 5B and 5C).
tensely (see arrowheads in Figs. 7A and 7C). A small number
of neurons in R1 and R2 of the subesophageal ganglia (see
Lzf2 Expression in the Nervous System arrow, Fig. 7C) as well as in the supraesophageal ganglia
(not shown) also express Lzf2. Transcript was not detectableThe Helobdella embryo undergoes organogenesis during
embryonic stages 9 and 10. Lzf2 expression is observed in in rostral ganglia R3 and R4 at this age.
Figure 7D presents a ventral view of a partially dissectedtissues including the central nervous system, gut, and vari-
ous epidermal structures. A sagittal view of a wholemount rear sucker containing the fused caudal ganglion with adja-
cent midbody ganglia. A majority of neurons in the caudalstage 10 embryo highlights the principal organs that express
Lzf2 RNA (Fig. 7A). In contrast to the earlier embryonic ganglion of the rear sucker express Lzf2 intensely, whereas
Lzf2 RNA is undetectable in the adjacent midbody ganglia.expression, the distribution of Lzf2 RNA in the stage 10
embryo displays a pronounced and reliable pattern of seg- There is also a segmental difference in the Lzf2 expression of
cell ¯orets, clusters of specialized epithelial cells found inmental differences.
The 32 segmental neuromeres of the leech nerve cord are every hemisegment (Shankland and Weisblat, 1984). Only the
¯orets located in the rear sucker express Lzf2 RNA (Fig. 7E).divided into three regions. The 4 most rostral neuromeres,
designated R1±R4 in anteroposterior order, are fused with
Lzf2 Expression in the Gutone another to form the subesophageal ganglion. The 21
unfused midbody neuromeres are designated M1±M21. The Lzf2 RNA shows a restricted pattern of expression in the
posterior midgut and the foregut. Prior to the visible signsremaining 7 most caudal neuromeres (C1±C7), located in
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FIG. 5. Lzf2 expression during segmentation as revealed by in situ hybridization. Lzf2 RNA shows uniform expression along the AP axis
as the body segments are formed. Tracings accompany each panel, with the nascent AP axis marked by an arrow. (A) The primary blast
cells (bc) show uniform levels of Lzf2 expression in the progeny of the left (l) and right (r) M teloblasts. mc, micromere cap. View of
animal pole. (B) At early stage 8, Lzf2 RNA is expressed evenly along the entire AP axis of the left (L) and right (R) germinal bands (gb).
Lzf2 expression is also observed in the prostomium (pr) and the provisional integument (pi). View of animal pole. (C) At mid stage 8,
uniform expression is observed in both the anterior half of the AP axis, represented by the fused germinal plate (gp), and in the unfused
posterior half represented by the germinal bands (lateral view). Bar, 50 mm.
of differentiation of the midgut into its component partsÐ Lzf1 does not appear to be expressed at detectable levels
in any stage. In situ hybridization performed on embryosthe crop, the intestine, and the rectumÐLzf2 is expressed
in the gut wall. As the midgut differentiates, expression is ranging from the one-cell to stage 10 also failed to reveal
any obvious pattern of Lzf1 expression. These data suggestobserved in the four caeca of the intestine, the rectum, and
the anus (Fig. 7A). The crop (stomach) and proboscis do not that Lzf1 RNA is expressed at relatively low levels or in a
small number of cells, or Lzf1 may possibly be a pseudogeneexpress detectable levels of the transcript. However, the
epithelial sheath of the proboscis, a foregut derivative of that is not expressed at all.
the prostomium, also expresses Lzf2 RNA (Fig. 7A).
DISCUSSION
Lzf1 Characterization
RT±PCR and in situ hybridization techniques have failed In this paper we describe the isolation and expression
analysis of Lzf2, the ®rst member of the hb gene family toto reveal detectable expression of Lzf1 transcripts in em-
bryos of any stage. An RT±PCR analysis using primers de- be characterized in detail outside of the insects. The hb
gene encodes a zinc ®nger transcription factor which hassigned to speci®cally amplify a 333-bp Lzf1 fragment was
used to screen for expression of Lzf1 in cDNA generated been shown to play a pivotal role in the speci®cation of the
anterior body segments of the syncytial Drosophila embryofrom various stages of development from oocytes to adults.
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the annelid Platynereis (Sommer et al., 1992), but Lzf1 and
Lzf2 are the ®rst annelid members of the hb class to be
characterized in detail. In addition, Sommer et al. (1992)
isolated the upstream hb zinc ®nger domain from various
insect orders, crustacea, and molluscs. The amino acid se-
quence identity of this region was shown to be highly con-
served within these diverse phyla. The upstream zinc ®nger
domain of Lzf2 is most similar to the corresponding domain
in the polychaete Platynereis (84%) and the insect Euscelis
(82%), and least similar to Drosophila (71%) and Locusta
(71%) hb domains. In addition, an NRE-like sequence lo-
cated 20 nucleotides (55 nucleotides in hb) from the stop
codon in the Lzf2 C-terminal zinc ®nger domain shares
strong sequence identity to the NRE located in the 3*-UTR
of the hb mRNA and adds further support to the homology
of these two genes.
hb orthologues have been characterized most extensively
in various insect orders (Sommer et al., 1992; Lukowitz et al.,
1994; Nipam Patel, personal communication), and all share
the general features of the hb class of C2H2 zinc ®nger tran-
scription factors. In all cases, there are six CX2CX12HX3±5H
zinc ®nger motifs organized into two separate regions, one
consisting of four ®ngers near the N-terminus and the other
FIG. 6. Transverse stripes of Lzf2 expression observed during or- consisting of two ®ngers near the C-terminus. The coding
ganogenesis as revealed by in situ hybridization. (A) At late stage sequence between the two zinc ®nger domains is much less
8, a spatiotemporal gradient of striped expression is ®rst detected conserved between the different insect species (Lukowitz
in the most anterior region (anterior at right). Unstained segmental et al., 1994), which is in agreement with our ®ndings.
ganglia occupy the space between the transverse stripes, which are The Lzf2 gene has been characterized from the analysis
located at the intersegmental boundaries. The inset shows the same of genomic DNA and we do not presently know whether
embryo under lower magni®cation and depicts the AP gradient of
the coding region is contained in a single or multiple exons.striped expression. (B) By stage 9, the transverse stripes of expres-
The largest Lzf2 ORF contains only three ®ngers in the N-sion have progressed to reach the most posterior region of the ger-
terminal zinc ®nger domain, not four, as is the case in allminal plate. Bars, 25 mm.
insect hb orthologues studied. Lzf2 has a short upstream
ORF which may represent a second exon that encodes the
``missing'' fourth N-terminal ®nger, but the resolution of
this point will require further analysis of the Lzf2 transcrip-and would seem by expression analysis to play a comparable
role in the cellularized embryos of other insects (Wolff et tion unit.
The identi®cation of Lzf1 and Lzf2 represents the ®rstal., 1995; N. Patel, personal communication). In the insects,
hb RNA is expressed during the early stages of segmenta- case in which two hb genes have been found in one species.
Presumably, these two Lzf genes are paralogous and arosetion in a broad gradient that spans the anterior half of the
segmented trunk. In contrast, Lzf2 RNA is expressed uni- from a gene duplication that followed the annelid/arthropod
divergence. The absence of detectable Lzf1 expressionformly throughout the developing trunk of the leech Helob-
della until a relatively late stage in embryogenesis when the makes it dif®cult to judge whether they have diverged with
respect to function. Indeed, the absence of detectable ex-segmental body plan is effectively complete, and segmental
primordia are entering the ®nal stages of organogenesis. pression leaves open the possibility that Lzf1 might be a
pseudogene.Thus, this leech orthologue of hb does not appearÐat least
in terms of RNA accumulationÐto be playing a comparable
role in patterning the AP axis, which suggests that the ``gap
Expressiongene'' function of hb in insects may have arisen secondary
to the phyletic separation of the annelids and arthropods. Lzf2 RNA possesses both a maternal and a zygotic compo-
nent to its embryonic expression pattern based on in situ
hybridization and RT±PCR. However, present data are in-
Molecular Analysis suf®cient to determine the onset of zygotic transcription.
During the ®rst cell cycle, a large increase in Lzf2 stainingSequence analysis indicates that both Lzf1 and Lzf2 are
leech orthologues of the hb gene characterized in insects. is observed and associated predominantly with the animal
and vegetal teloplasm located at opposite poles of the egg.A hb-like zinc ®nger domain was previously isolated from
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FIG. 7. Lzf2 expression during organogenesis in the stage 10 embryos revealed by in situ hybridization. (A) Lateral view of a stage 10
embryo with anterior to the right and ventral at bottom. Intense expression is observed in the caudal ganglion (cg) of the rear sucker and
in the rostral half of the ventral nerve cord (see arrowheads). Lzf2 RNA is also observed in the anus (a), rectum (r), and intestine (i). The
crop (cr) and proboscis (pb) do not stain, although reaction product is seen in the sheath surrounding the proboscis. Bar, 50 mm. (B) Ventral
view of a bilateral pair of neurons located in the posterior lateral glial packets of midbody ganglia 1±4 (M1±M4). Bar, 25 mm. (C) Lateral
view of a stage 10 embryo showing Lzf2 expression in M1±M4 (arrowheads) as well as subset of neurons in the subesophageal ganglia
(arrow). Bar, 25 mm. (D) DIC optics of a partially dissected rear sucker containing a fused caudal ganglion (cg) which expresses Lzf2 RNA
intensely. The adjacent midbody ganglia (mbg) show no detectable Lzf2 expression. Bar, 25 mm. (E) A ring of cell ¯orets in the rear sucker
express Lzf2 RNA. The caudal ganglion (cg) is out of focus. Bar, 25 mm.
This dramatic increase may re¯ect the onset of zygotic tran- all the ectodermal and mesodermal teloblasts. Lzf2 expres-
sion continues to be uniform in the germinal bands of allscription, but we cannot rule out the possibility that this
apparent increase is an artifact of the histochemical proce- ®ve teloblast lineages until the germinal plate has nearly
completely fused. The absence of a spatial gradient of Lzf2dure due to developmental changes in RNA accessibility.
Throughout the establishment of segmentation, Lzf2 RNA along the segmented trunk of the leech is a prominent
difference in the apparent utilization of hb family genesRNA accumulation is ubiquitous and uniform (to the limits
of our detection) within the segmented ectoderm and meso- between annelids and insects.
Subsequent to the ®nal alignment of the teloblast lineagesderm. During the formation of the embryonic stem cells
called teloblasts, Lzf2 RNA becomes equally distributed to along the AP axis, the earlier uniform Lzf2 expression is
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replaced by a spatiotemporal gradient of expression. A heter- regulation in¯uences the spatial and/or temporal distribu-
tion of the Lzf2 protein product.ogeneity of expression along the AP axis is ®rst detected
when a pattern of segmentally repeated transverse stripes The uniform distribution of Lzf2 RNA along the AP axis
of the leech germinal band implies that the transcriptionalappears at the end of embryonic stage 8. It is important to
emphasize that the late appearance of these transverse regulation of the hb gene has diverged signi®cantly between
leeches and insects, possibly between the annelid and ar-stripes of expression occurs after axial patterning is com-
plete and marks the initiation of organogenesis in the leech thropod phyla. These differences could be explained by ei-
ther of two scenarios. This gene may not have played a gapgerminal plate.
gene role in the last common ancestor of insects and
leeches; that role could have then evolved later in the ar-
thropods or insects. Alternatively, this gene may haveInterphyletic Comparison
played a gap gene role in the last common ancestor, but
that function was subsequently lost in the evolution of theThe hb gene is de®ned as a gap gene in Drosophila be-
cause mutational inactivation prevents the formation of a leech. We strongly favor the ®rst scenario because leeches
display a mode of segmentation that is universal amongcontiguous stretch of body segments. Embryos carrying
amorphic alleles of hb have all gnathic and thoracic seg- annelids and also found in some arthopods (Dohle and
Scholtz, 1988); hence, the leech seems likely to be morements missing and also display defects in the abdomen and
telson (Tautz et al., 1987). Recent studies have revealed representative of the ancestral form.
One possibility is that Lzf2 may serve a temporal, notthat the hb protein not only speci®es the formation of the
anterior body region, the protein also functions as a graded spatial, function during leech segmentation. A number of
leech Hox genes (Nardelli-Hae¯iger and Shankland, 1992;morphogen to specify segmental patterning within that re-
gion (Simpson-Brose et al., 1994). Much of this patterning Shankland, 1994) initiate detectable levels of transcription
in the CNS at roughly the same time as the CNS expressionoccurs during a period of development when the Drosophila
embryo is a polynucleate syncytium and is believed to in- of Lzf2 is lost. Evidence in Drosophila has shown that hb
protein acts as a direct repressor of the HOM gene Ultrabi-volve a diffusion of hb gene products along the AP axis.
Expression of the gap genes hb and Kr has been character- thorax (White and Lehmann, 1986; Zhang et al., 1991;
Zhang and Bienz, 1992). By analogy, the ubiquitious expres-ized in a small number of other insects including the beetle
Tribolium (Sommer and Tautz, 1993; Wolff et al., 1995), sion of Lzf2 during leech segmentation may act to repress
segment speci®c gene expression until the segmental pri-the moth Manduca (Kraft and JaÈckle, 1994), the grasshopper
Schistocerca (N. Patel, personal communication), and other mordia are fully aligned along the body axis, an event which
occurs relatively late in leech embryogenesis (Weisblat anddipterans (Lukowitz et al., 1994; Sommer and Tautz, 1991).
These comparative studies demonstrate that gap gene ex- Shankland, 1985; Nardelli-Hae¯iger et al., 1994). Future
studies into the developmental function and translationalpression patterns are highly conserved between Drosophila
and other insects, even though the latter species establish regulation of the Lzf2 gene in the leech embryo will hope-
fully lend further insights into the functional divergence ofrestricted AP patterns of gap gene expression in a cellular
embryo in which there is presumably no direct diffusion of this gene within the annelid/arthropod lineage.
gap gene products (or other transcription factors) along the
AP axis. Thus, the gap genes seem to play a pivotal role in
AP pattern formation within the insects regardless of the ACKNOWLEDGMENTS
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